The purpose of this work was to determine the effect of injection volume, formulation composition, and time on circumferential spread of particles, small molecules and polymeric formulation excipients in the suprachoroidal space (SCS) after microneedle injection into New Zealand White rabbit eyes ex vivo and in vivo. Microneedle injections of 25-150 μL Hank's Balanced Salt Solution (HBSS) containing 0.2 μm red-fluorescent particles and a model small molecule (fluorescein) were performed in rabbit eyes ex vivo, and visualized via flat mount. Particles with diameters of 0.02 -2 μm were co-injected into SCS in vivo with fluorescein or a polymeric formulation excipient: fluorescein isothiocyanate (FITC)-labeled Discovisc or FITClabeled carboxymethyl cellulose (CMC). Fluorescent fundus images were acquired over time to determine area of particle, fluorescein and polymeric formulation excipient spread, as well as their co-localization. We found that fluorescein covered a significantly larger area than co-injected particles when suspended in HBSS, and that this difference was present from 3 min post-injection onwards. We further showed that there was no difference in initial area covered by FITC-Discovisc and particles; the transport time (i.e., the time until the FITC-Discovisc and particle area began dissociating) was 2 d. There was also no difference in initial area covered by FITC-CMC and particles; the transport time in FITC-CMC was 4 d. We also found that particle size (20 nm -2 μm) had no effect on spreading area when delivered in HBSS or Discovisc. We conclude that (i) the area of particle spread in SCS during injection generally increased with increasing injection volume, was unaffected by particle size and was significantly less than the area of fluorescein spread, (ii) particles suspended in low-viscosity HBSS formulation were entrapped in the SCS † after injection, whereas fluorescein was not and (iii) particles co-injected with viscous polymeric formulation excipients co-localized near the site of injection in the SCS, continued to co-localize while spreading over larger areas for 2 -4 days, and then no longer co-localized as the polymeric formulation excipients were cleared within 1 -3 weeks and the particles remained largely in place. These data suggest that particles encounter greater barriers to flow in SCS compared to molecules and that co-localization of particles and polymeric formulation excipients allow spreading over larger areas of the SCS until the particles and excipients dissociate.
Introduction
Ophthalmic drug delivery into the potential space between the sclera and the choroid (aka. suprachoroidal space or SCS), is a new drug delivery technique actively under pre-clinical and clinical investigation (Chen et al., 2015; Einmahl et al., 2002; Gilger et al., 2013; Goldstein, 2015; Ianchulev, 2014; Olsen et al., 2006; Patel et al., 2012; Patel et al., 2011) . Unlike traditional ophthalmic drug delivery techniques, such as topical eye drops and intravitreal injections, SCS injection enables targeted delivery to the choroid, retinal pigment epithelium, and retina with high bioavailability Chen et al., 2015; Einmahl et al., 2002; Kadam et al., 2013; Olsen et al., 2011; Patel et al., 2012; Patel et al., 2011; Peden et al., 2011; Tzameret et al., 2014) . Additional advantages of SCS delivery include increased bioavailability, dose sparing, and avoiding the visual axis. A hollow-bore needle with a length of ~1 mm or less (aka. microneedle) can be used to reliably access the SCS without piercing the chorioretina (Patel et al., 2012; Patel et al., 2011) . Performing such an injection is similar to an intravitreal injection and has been performed in the outpatient clinic setting (Jiang et al., 2007; Patel et al., 2012; Patel et al., 2011) . Ongoing clinical trials are assessing the safety and efficacy of microneedle injections for indications such as posterior noninfectious uveitis (NCT01789320 and NCT02595398) (Goldstein, 2015) .
When administering drugs via the SCS, it is important to control the area over which the drug formulations spread within the SCS. This targeting within the SCS may be used to treat diseased tissue while sparing non-diseased tissue. In some cases, it is desirable to have drug distributed over a large area of the SCS to broadly deliver drug to the chorioretina (e.g., to treat posterior uveitis (Goldstein, 2015) ). In other cases, it may be desirable to localize the drug near the site of injection (e.g., to treat glaucoma) (Chiang et al., 2016a; Kim et al., 2014b) .
Previous studies have used the two-dimensional (2D) circumferential spread of particles injected into the SCS as the primary metric of distribution (Kim et al., 2014a, b; Kim et al., 2015; Patel et al., 2012; Patel et al., 2011) . Though many studies have investigated the distribution of particles (Chen et al., 2015; Kim et al., 2014a; Kim et al., 2015; Patel et al., 2012; Patel et al., 2011) and molecules (Kim et al., 2014b; Olsen et al., 2011; Patel et al., 2012; Tyagi et al., 2013; Wang et al., 2012) independently, to our knowledge, no study has examined the distribution of particles and molecules injected into the SCS simultaneously, or imaged the distribution of polymeric formulation excipients in the SCS. Better understanding of how particles move relative to the formulation will enable the rational design of formulations that control particle spreading in the SCS.
The purpose of this work was to investigate particle, molecule and polymeric formulation excipient distribution following microneedle injection into the rabbit SCS. We used formulations previously identified to have different effects on particle spread (Kim et al., 2015) to better understand how particle movement is influenced by formulation. We hypothesize that (i) particles encounter greater barriers to flow in SCS compared to molecules and (ii) co-localization of particles and polymeric formulation excipients allow spreading over larger areas of the SCS until the particles and excipients dissociate.
Materials and Methods
All reagents and chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise specified. Red-fluorescent polystyrene particles (Excitation: 580 nm; Emission: 605 nm) and green-fluorescent polystyrene particles (Excitation: 505 nm; Emission: 515 nm) with diameters ranging from 0.02 -2 μm were purchased from Life Technologies (Fluosphere, Carlsbad, CA). Eyes of pigmented Silver Fox and American Blue rabbits (Broad River Pastures, Elberton, GA) and albino New Zealand White rabbits (Pel Freeze, Rogers, AR) were obtained within 1 day after euthanasia and stored in a −80°C freezer until use. All in vivo experiments were carried out in albino New Zealand White rabbits (Charles River Laboratories, Wilmington, MA) and were approved by the Georgia Institute of Technology Institutional Animal Care and Use Committee. Practices complied with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Four replicates per experimental group were performed unless otherwise specified.
Ex vivo injection procedure
Extraocular tissues were carefully removed from the rabbit ocular globe. To simulate a physiological intraocular pressure (IOP) of 10-12 mmHg, a water column was raised to ~14 cm and connected to the eye via a 25-gauge needle penetrated through the optic nerve (Kim et al., 2014a) . A microneedle (750 μm in length, 33-gauge; kindly provided by Clearside Biomedical, Alpharetta, GA) attached to a 250 μL glass chromatography syringe (National Scientific, Rockwood, TN) was used to make injections. Injections were performed 3 mm posterior to the limbus at the 12 o'clock position (superior) to be as far as possible from anatomical barriers created by the long posterior ciliary artery that impede circumferential flow (Chiang et al., 2016b) .
Depending on the experimental condition, each injection consisted of 25 to 150 μL of 0.5% (w/v) red-fluorescent particles (0.2 μm diameter; Excitation: 580 nm; Emission: 605 nm) and 0.025% (w/v) fluorescein suspended in Hank's Balanced Salt Solution (HBSS; Gibco, Life Technologies). After each injection, the needle was held in place for 1 min to minimize reflux (Rodrigues et al., 2011) . The eye was then frozen via submersion in 100% ethanol chilled over dry ice 3 min post-injection depending on experimental condition.
Flat mount to characterize 2D circumferential spread
After SCS injection and freezing, eyes were prepared to assess the 2D spread of particles and fluorescein, as described previously (Chiang et al., 2016b; Kim et al., 2015; Patel et al., 2012) . The frozen eye was sliced open from the limbus to the posterior pole to generate eight approximately equidistant scleral flaps. The resulting scleral flaps were splayed open and the frozen vitreous humor, lens, and aqueous humor were removed.
A digital SLR camera (Canon 60D, Canon, Melville, NY) with a 100 mm lens (Canon) was used to acquire brightfield and fluorescence images. Camera parameters were held constant at shutter speed = 1/15 s and aperture = F/2.8. To acquire the area of fluorescein spread, a green optical band-pass filter (520 ± 10 nm; Edmunds Optics, Barrington, NJ) was placed on the lens, and the sample was illuminated by a lamp with the violet setting of a multicolor LED bulb (S Series RGB MR16/E26. HitLights, Baton Rouge, LA). To visualize the location of the red-fluorescent particles, a red filter (610 ± 10 nm; Edmunds Optics) was placed on the lens, and the sample was illuminated with the same lamp switched to green light. The area of green and red fluorescence that was above threshold was calculated for each eye using ImageJ (National Institutes of Health, Bethesda, MD). Thresholding was set manually based on visual inspection of background signal.
Fluorescent tagging of excipient formulation
To visualize spread of polymer formulation excipients, we fluorescently labeled polysaccharides that have been shown to significantly influence spread of particles within the SCS (Kim et al., 2015) using previously described methods (Nielsen et al., 2010) . Carboxymethyl cellulose (CMC; 700 kDa high viscosity, Sigma-Aldrich) has been shown to impede spread of particles, allowing for localized delivery of particles that stay near the injection site (Kim et al., 2014b; Kim et al., 2015) . On the other hand, Discovisc (1.65 MDa hyaluronic acid; Alcon Laboratories, Fort Worth, TX) and hyaluronic acid have been shown to promote spread up to 100% of SCS area by a slow process after injection (Kim et al., 2015) .
To label CMC, 250 mg of CMC and 10 mg of fluorescein isothiocyanate (FITC) were added to 25 mL of 0.1 M NaOH in DI water. The solution was mixed in the dark at room temperature (22 °C) for 4.5 days. The solution was then transferred into a dialysis tube (30 kDa cutoff, Spectra/Por, Spectrum Laboratories, Rancho Dominguez, CA) in a DI water bath. The water bath was changed daily for 5 days to remove unreacted FITC. The contents of the dialysis tube were transferred into a 50 mL centrifuge tube and frozen prior to vacuum drying. Care was taken to minimize light exposure at all steps to minimize photobleaching. A similar procedure was performed with Discovisc (1.65 MDa hyaluronic acid); 500 μL of Discovisc and 1 mg of FITC were added to 2.5 mL of 0.1 NaOH. The other methods were the same as those used for FITC labeling of CMC.
In vivo SCS injections and image acquisition
Albino rabbits were anesthetized with isoflurane and treated with proparacaine eye drops (Bausch & Lomb, Rochester, NY). All injections were 50 μL in volume and performed 3 mm posterior to the limbus at the supranasal quadrant (4 mm nasal to the edge of the superior rectus extraocular muscle).
To determine the effect of polymeric formulation on particle spread, the following injections (N=4 eyes per group) were performed: [i] 50 μL of 2% (w/v) red-fluorescent particles (0.2 μm diameter) and 0.025% fluorescein (332 Da) in HBSS; [ii] 50 μL of 2% (w/v) redfluorescent particles (0.2 μm diameter) and 5% FITC-CMC (~700 kDa) in HBSS; [iii] 50 μL of 2% (w/v) red-fluorescent particles (0.2 μm diameter) and 1x FITC-Discovisc (HA ~1.65 MDa and chondroitin sulfate ~22.5 kDa) re-constituted in HBSS.
To determine if particles ranging from 0.02 μm to 2 μm co-localize, the following injections (N=4 eyes per group) were performed: At predetermined time points, the animals were imaged with a modified RetCam II system (Clarity Medical Systems, Pleasanton, CA). Prior to imaging, tropicamide (Akorn Pharmaceuticals, Lake Forest, IL), phenylephrine (Akorn Pharmaceuticals), and proparacaine (Akorn Pharmaceuticals) eye drops were given. The built-in fluorescein attachment was used to capture green fluorescence. For the red fluorescence, green light was generated by placing a 575±50 nm bandpass filter (Edmunds Optics) in line with the fiber optic line. A red-emission filter (610 ± 10 nm, Omega Optical, Brattleboro, VT) was placed over the camera to capture red fluorescence. Animals were euthanized with an injection of pentobarbital through the ear vein at the end of the experiment.
Post-processing of the RetCam images was used to generate a collage for each imaging condition, since the camera did not have built-in image stitching algorithms. Co-localization was determined using a previously described method (McDonald and Dunn, 2013) . Briefly, the 2D correlation coefficient of the red-and green-fluorescent images was calculated, and compared against the 2D correlation of 100 randomly assigned image pairs using a onesided unpaired t-test. A low p-value (α<0.05) indicated statistically significant colocalization greater than chance, and a high p-value (α>0.05) indicated no significant colocalization.
Statistical analysis
Image analysis was performed using Matlab and ImageJ. Statistical analysis was performed using Prism (Graphpad, La Jolla, CA). Values are presented as the mean ± standard error of the mean (SEM), unless otherwise specified. Two-way ANOVA and Student's t-test analyses (α = 0.05) were performed to determine statistical significance. Chiang et al. Page 5 Exp Eye Res. Author manuscript; available in PMC 2017 December 01.
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Results

Distribution of particles and molecules immediately after injection into the SCS
The first objective was to test the hypothesis that the circumferential area of particle coverage increases with increasing injection volume, and that small molecules (fluorescein) spread more than particles. We therefore calculated the percentage area of the SCS that had red and green fluorescence greater than threshold after injection of increasing volumes into the rabbit SCS ex vivo using flat mounts (Figure 1) .
Consistent with the hypothesis, area covered by fluorescein and particles generally increased with increasing injection volume, although the rate of increase was larger at lower volumes ( Figure 1) . A linear fit to the data yielded a poor correlation (r 2 = 0.51 for particles and 0.67 for fluorescein), whereas an exponential fit was better (r 2 = 0.90 for particles and r 2 = 0.69 for fluorescein), which is consistent with the observation that area initially increases and appears to approach a plateau value slightly below 50% area coverage for particles and slightly above 50% for fluorescein. We hypothesize that this apparent plateauing behavior is due to anatomical barriers that inhibit coverage in the inferior hemisphere, especially for particles (Chiang et al., 2016b) .
For all injection volumes, the fluorescein occupied a larger area than the red-fluorescent particles (p<0.0001, ANOVA). The ratio of area covered by fluorescein versus particles was 2.05±0.24 (mean±SEM), which did not significantly depend on injection volume (p=0.36, F test). This difference in area could be explained by the higher diffusivity of fluorescein versus particles (which are assumed to transport only by convection). However, diffusion of fluorescein for 3 min after injection is expected to account for an area increase of only ~20% (based on a calculation assuming a fluorescein diffusivity of 4.3×10 −6 cm 2 /s (Culbertson, 2002) and a covered SCS area of ~200 mm 2 in the rabbit eye (Bozkir et al., 1997) ). Because this small predicted increase is much less than the roughly two-fold measured increase, this result suggests that there are additional factors at play in the SCS that limit movement of particles relative to small molecules (i.e., fluorescein).
Distribution of particles and molecules over time after injection into the SCS in vivo
We further investigated the role of formulation and time on particle distribution in the SCS. The distribution of red-fluorescent particles suspended with green fluorescently-tagged formulation excipients in HBSS after injection into the SCS of live rabbits was imaged using red and green fluorescence simultaneously. Fluorescence was imaged used RetCam imaging, which was preferred to other non-contact fundus imaging methods, since it enabled visualization of the posterior pole as well as the far periphery (i.e., the injection site). We then calculated the percentage of the SCS area in the composite images that had red/green fluorescence values at least 0.1% of the starting concentration, which we used as a proxy of true coverage; and determined the incidence of co-localization of the red and green fluorescence greater than chance.
To study the distribution of red-fluorescent particles and green-fluorescent fluorescein molecules injected in HBSS (Figure 2) , we measured the SCS area over which the particles and fluorescein spread for 21 days after injection in vivo. The particle area coverage was 
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Author Manuscript constant at all time points from 3 min to 14 d post-injection (p=0.99, Sidak's multiple comparison test), with a small decrease in area at 21 d. In contrast, the fluorescein area increased from 3 min to 1 h post-injection before being cleared by 2 d. At the 3 min and 1 h time points, fluorescein covered a larger area than the red particles (p<0.01, Sidak's multiple comparison test). At later time points (14 and 21 d), there was a decrease in thresholded area, which may be due to photobleaching (Kim et al., 2015) . Moreover, the time point at which the maximum fluorescein coverage was measured was later than the red particle maximum. Statistical analysis showed that the particles co-localized with fluorescein immediately after injection, but not at later time points. Taken together with the ex vivo data, we conclude that particles suspended in HBSS became immobilized immediately postinjection even though fluorescein was able to move within the SCS well after the injection, and was ultimately cleared within 2 days.
We next investigated how the addition of viscous polymeric formulation excipients affected particle distribution over time. When the formulation consisted of red particles suspended in 5% FITC-CMC in HBSS (Figure 3 ), particle area coverage increased from 3 min until 2 d post-injection (p<0.01, Sidak's multiple comparison test). Then, from 2 d to 35 d, there was no significant change in particle distribution in the SCS (p=0.61, Sidak's multiple comparison test). The co-injected FITC-labeled CMC initially followed a pattern similar to the particles, increasing in area for the first two days (p<0.005, Sidak's multiple comparison test). However, from 2 d until 21 d, the area of FITC-CMC decreased (p<0.005, Sidak's multiple comparison), and from 21 d until 35 d, there was essentially no detectable FITC-CMC in the SCS. The FITC-CMC never occupied an area larger than the red particles (p>0.07, Sidak's multiple comparison test). The maximum red particle coverage and maximum FITC-CMC coverage occurred at the same time point, i.e., 2 d post injection. The last time point of co-localization was at 4 d. This suggests that the particles and FITC-CMC were transported together during the injection and for up to 2 days thereafter, after which the particles remained immobilized and the FITC-CMC was cleared.
When the formulation consisted of red particles suspended in FITC-Discovisc (Figure 4 ), particle coverage was constant from 3 min to 1 h (p=0.98, Sidak's multiple comparison test), and then increased by 2 d (p<0.05, Sidak's multiple comparison test). There was no significant change in particle coverage from 2 d to 21 d (p>0.24, Sidak's multiple comparison test). The co-injected FITC-labeled Discovisc molecules initially followed a pattern similar to the particles, increasing in area for the first two days (p<0.005, Sidak's multiple comparison test). However, from 2 d until 7 d, the area of FITC-Discovisc decreased (p<0.005, Sidak's multiple comparison), and from 7 d until 21 d, there was essentially no detectable FITC-Discovisc in the SCS. The FITC-Discovisc never occupied an area larger than the red particles (p>0.05, Sidak's multiple comparison test). The maximum red particle coverage and maximum FITC-Discovisc coverage occurred at the same time point, i.e., 2 d post injection. The last time point of co-localization was at 2 d. This suggests behavior similar to that seen with FITC-CMC, where the particles and FITC-Discovisc were transported together during the injection and for up to 2 days thereafter, after which the particles remained immobilized and the FITC-Discovisc was cleared, although the FITC-Discovisc was cleared faster than the FITC-CMC and, on an absolute scale, the area coverage of FITC-Discovisc and co-injected particles was roughly twice as large as the area coverage of FITC-CMC and co-injected particles.
Considering all of these data (Figure 2 -Figure 4 ), the spread of particles immediately after injection depended on formulation composition, such that spreading went from smallest to largest with: FITC-CMC (8.5%) < FITC-Discovisc (26%) < HBSS (30%). At 14 d, the rank list for particle coverage for the tested excipients was FITC-CMC (20%) < HBSS (27%) < FITC-Discovisc (46%). The maximum area coverage was achieved at 3 min when formulated only in HBSS, and at 2 d for FITC-CMC and FITC-Discovisc. The particles injected with a low-viscosity formulation (i.e. HBSS only) did not experience a change in area coverage over time. On the other hand, particles injected with viscous polymeric formulations (FITC-CMC and FITC-Discovisc) experienced an increase in coverage of twofold when comparing coverages at 3 min and 14 d post-injection. Thus, we can conclude that the viscous polymeric formulations prolonged particle transport time compared with the low-viscosity formulation. There was a strong association between transport time compared with viscosity (see Supplementary Information, Figure S1 ). Initial viscosity of the formulation was a poor predictor of final spread of particles, possibly due to physical crosslinking of CMC (Benchabane and Bekkour, 2008 ) that effectively increased viscosity after injection and thereby limited spreading ( Figure S2 ).
Fluorescein in HBSS occupied 66% of the visible SCS, which was the largest area of all the fluorescent species injected. In comparison, peak FITC-CMC spreading was 20% of SCS area, and occurred at 2 d. Peak FITC-Discovisc coverage was 63% and occurred at 2 d. Total clearance of the fluorescently-tagged formulation excipients occurred by 2 d for HBSS, 21 d for FITC-CMC, and 14 d for FITC-Discovisc.
Co-localization of particles and the formulation excipients was seen at 3 min for HBSS, from 3 min up until 4 d for FITC-CMC, and 3 min for FITC-Discovisc.
Effect of particle size on particle distribution over time after injection into the SCS in vivo
To determine the effect of particle size on distribution, particles of different sizes (20 nm -2 μm) were suspended in HBSS and Discovisc and co-injected into the rabbit SCS in vivo.
Injections used pairwise combinations of red-and green-fluorescent particles of different sizes to determine whether the particles co-localized in the SCS. In all cases, the pairs of coinjected particles all co-localized for at least 4 d post-injection ( Figure 5 ). With all HBSS conditions, particle area did not change with time (p>0.06, 2-way ANOVA). For particles in Discovisc, the particle area increased until 2 d for both the 20 nm and 2 μm particles.
Discussion
Traditional ophthalmic drug delivery techniques, namely topical eye drops and intravitreal injections, do not precisely target diseased tissues in the posterior segment. Compared with these conventional routes of administration, SCS delivery enables targeted drug delivery to the choroid, retina, ciliary body, and sclera with higher bioavailability (Chiang et al., 2016a; Kim et al., 2014b; Olsen et al., 2011; Patel et al., 2012; Patel et al., 2011; Wang et al., 2012) , 
Author Manuscript
Author Manuscript and can be performed in the outpatient clinic setting (Goldstein, 2015; Patel et al., 2012; Patel et al., 2011) . The extent and distribution of posterior-segment diseases are typically not uniform. For example, glaucoma treatment requires localization near the ciliary body, which is near the site of microneedle injection (Chiang et al., 2016a; Kim et al., 2014b) ; while noninfectious posterior uveitis requires spreading throughout the SCS (Goldstein, 2015) . Deposition within the SCS can be geographically controlled so as to target diseased tissues while sparing non-diseased tissues (Chiang et al., 2016b; Einmahl et al., 2002; Kim et al., 2014a; Kim et al., 2015; Tyagi et al., 2013) . In particular, the area of particle spread can be controlled with different excipient formulations (Kim et al., 2015) .
Distribution of particles and small molecules injected into the SCS
One goal of this work was to study the differences in distribution of particles versus small molecules when co-injected into the SCS of rabbits. We found that, with HBSS as the formulation, the area covered by fluorescein was larger than the area covered by particles for all injection volumes tested immediately after injection. On average, the fluorescein occupied an area twice as large as that occupied by particles ex vivo and in vivo. The difference in area covered could be due either to barriers in the SCS that preferentially limit movement of particles or to increased diffusion of fluorescein in the SCS post-injection relative to the particles. Because the contribution of fluorescein diffusion was estimated to increased coverage by only ~20%, entrapment of particles is the more likely explanation.
Because molecules distributed to cover a larger area than particles in the SCS, the delivery of molecules may be preferred if the goal is to achieve full coverage of the SCS. However, the use of particles (e.g., containing drug molecules for slow release over time (Chiang et al., 2016a; Goldstein, 2015) ) may be preferable to injecting free drug molecules, which are usually cleared from the SCS within a day (Gu et al., 2015; Kim et al., 2014b; Olsen et al., 2011; Patel et al., 2012) .
Effect of formulation on distribution of particles
For the purposes of our kinetic studies on the effects of polymeric formulation excipients in vivo, we defined transport time as the greater of (a) the time at which particle area stopped changing and (b) the time at which co-localization of particles and formulation excipients stopped. These two criteria demonstrated when the particle and formulation dissociated. The data showed that there was a strong association between transport time and viscosity of the liquid formulation, where increased viscosity facilitated longer transport time (i.e., for days after the injection). In contrast, viscosity of the formulation had a much weaker association with area coverage, probably because certain viscous formulations like CMC may become physically cross-linked, effectively increasing viscosity after injection and thereby limiting spread.
Effect of particle size on distribution of particles
Particles with diameters ranging from 2 nm to 2 μm co-localized within the SCS independent of particle size. Furthermore, the size of the particles did not influence transport time. Particles of different sizes may be preferred for different applications, such as micronscale particles to serve as slow-releasing drug delivery systems, nanoscale virus particles as gene delivery vectors, and micron-sized cells as cell-based therapies. As shown by Kim et al. (Kim et al., 2015) , we also showed that that particles spanning two orders of magnitude in size distributed on the SCS to a similar extent with similar kinetics, which should simplify design of particle delivery to the SCS. Of course, other particle parameters may also play a role, such as particle density, shape, surface properties and composition.
Study limitations
Limitations of the study include use of rabbit eyes, and shortcomings of equipment and measurement methods. There are physiological and anatomical differences between rabbit and human eyes. These species differences may or may not alter SCS distribution. For example, as we showed previously (Chiang et al., 2016b) , there are different anatomical barriers in rabbits versus humans that affect circumferential particle spread. Human clinical trials will be needed to investigate SCS distribution, as it applies to human health. This study used ex vivo eyes for some studies, which may not be fully representative of living animals. However, the use of ex vivo eyes made certain measurements possible; for example, using ex vivo (and enucleated) eyes allowed rapid freezing of the eye to stop particle and molecule movement. The distribution of molecules and particles suspended in HBSS was studied in both ex vivo and in vivo rabbit eyes, and the results were similar, at least initially postinjection.
The RetCam II fluorescent fundus imaging system did not have the ability to automatically stitch image fields together. Instead, collages were used, and this may have introduced errors in the actual coverage of fluorescence (e.g., two neighboring images in the collage may overlap). However, the RetCam allowed visualization into the far periphery (estimated at 220° of the fundus).
Conclusion
It was previously shown that particles spread over a somewhat larger area in the SCS after injecting 150 and 100 μl compared to 50 μl of HBSS (Gu et al., 2015; Kim et al., 2015) .
Here, we show that area covered by a small molecule (fluorescein) and particles (0.2 μm diameter) generally increased with increasing injection volume from 25 μl to 150 μl, although the rate of increase was larger at lower volumes. We also found that the ratio of area covered by fluorescein was approximately double that of particles, which did not significantly depend on injection volume. This indicates that fluorescein flows more readily in the SCS, whereas particles encounter more barriers that limit their spreading in the SCS during injection in HBSS.
It was previously shown that molecules injected in HBSS were cleared from the SCS within hours-days (Gu et al., 2015; Olsen et al., 2011; Wang et al., 2012) , whereas particles appear not to be cleared at all (Chen et al., 2015; Chiang et al., 2016a; Kim et al., 2015; Patel et al., 2012; Patel et al., 2011) . Here, we show that at 3 min and 1 h, fluorescein spread more than particles and that particles co-localized in the SCS with fluorescein only at 3 min. However at later times (i.e., ≥ 2 days), fluorescein was cleared from the SCS. This suggests that particles injected in HBSS became immobilized immediately post-injection even though fluorescein was able to move within the SCS well after the injection.
It was previously shown that particles injected in CMC or Discovisc formulations spread very little immediately after injection, but increased spreading for two days after injection (Kim et al., 2015) . Here, we further showed that particles and FITC-CMC or FITC-Discovisc were transported together during the injection (i.e., co-localized to the same areas) and continued to be co-localized for up to two days (FITC-CMC) or four days (FITC-Discovisc). At later times, the particles remained immobilized and the formulation polymers were cleared within one week (FITC-Discovisc) or three weeks (FITC-CMC).
Taken together, these studies will aid in the development of formulations that can be injected via microneedle to control particle spread within the SCS. 
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